Abstract. The development and application of a charge-coupled device (CCD) sensor for neutron detection is described. The sensor provides images of neutron-induced single-event effects (SEEs) at 9 µm pixel resolution and a charge/pixel resolution of typically 36.6 electronic charges. Example results are presented, showing the charge profiles resulting from single events observed during tests in a representative neutron spectrum. The sensor enables aspects of SEE phenomena to be studied directly in more detail than hitherto.
CCDs as neutron sensors CCDs have several benefits as neutron sensors for SEE detection and analysis:
Silicon material. The mechanisms by which charge is generated through neutron interactions with CCDs are the same as those which occur in electronic devices of interest, because of the common underlying physical structure of the silicon lattice. CCDs are therefore a good test bed for the analysis of these effects.
Spatial resolution. As imaging devices, CCDs provide information about the spatial distribution of charge generated by SEEs. This is increasingly important, for example in the analysis of multiple bit upsets (MBUs), as device sizes shrink and it becomes possible for a single event to affect more than one device in the same substrate.
Charge resolution. CCDs are able simultaneously to provide high spatial and intensity (charge) resolution, thereby accurately determining the density of charge generated in a region of a semiconductor device.
Neutron sensor development and operation
Our neutron sensor uses a Kodak KAF-0402E CCD. This is a two-phase full frame imaging CCD with 9 µm square pixels [6] . We believe that our results provide neutron SEE images with the finest resolution available to date. The general arrangement of the neutron sensor is illustrated by figure 1. Our equipment comprises an in-beam equipment (IBE), consisting of the CCD and some support electronics, and an out-of-beam equipment (OBE), providing CCD control, analogue signal processing and a frame-grabber interface. The IBE and OBE are connected by an umbilical cable providing power and timing signals to the IBE from the OBE, and transmitting CCD video output from the IBE to the OBE. The equipment is operated under PC control; frames are captured continuously and stored in portable network graphics (PNG) format. A typical frame rate is 2 s −1 .
We operate our CCD at a 5 MHz pixel frequency. Low-voltage digital signalling (LVDS) is used for the CCD clock transmission. The IBE incorporates LVDS receivers and additional circuits to reconstitute correct CCD clock levels, along with an active load for the CCD and a driver for the video output.
Care was taken in laying out the IBE to minimise the neutron fluence received by the support electronics, to minimise the risk of false alarms due to spurious SEE events in those components. The IBE layout took advantage of the tight footprint (approximately 5×12 cm) of the TRIUMF neutron beam, as shown in figure 2 . The CCD and support electronics (LVDS receivers, CCD clock drivers, and video amplifier) were mounted on a standard eurocard-size PCB, fully enclosed so as to exclude light. During the trials the IBE package was lowered into the neutron beam from above. The CCD sensor was positioned at the bottom of the IBE board, whereas the support electronics were positioned at the top of the board, as shown, to minimise these components' exposure to radiation. Only passive components -predominantly decoupling capacitors -were permitted in the region between the CCD and the support electronics. Passive components are generally robust to neutron radiation. This layout also enabled a soak test to be performed in which the IBE was lowered further into the beam, so that the control electronics were irradiated directly. No false alarms attributable to SEEs in the support electronics were observed over a period of 1.5 hours, confirming the robustness of the devices selected to neutron irradiation and permitting IBE layout constraints to be eased for future designs. Figure 3 ). There are around 300 such events in the frame shown in this figure. Figure 3(b) shows a magnified image of a portion of the same frame, showing several neutron interactions in more detail and showing the improvement achieved with this 9 µm sensor over that possible in earlier work [7] , which used a 22 µm sensor. This improved resolution is important not only to permit multiple SEEs in the same image to be resolved, but also to define the spatial extent of neutron-induced charge. This is expected to be important, for example, in predicting MBU rates [8] . An example of the type of detailed information available from the sensor is shown in figure 4 . Here, a neutron has struck a silicon ion in a pixel near the left of the figure, causing a nuclear reaction the products of which are an aluminium ion and a 4 MeV proton. By chance the proton travels approximately in the plane of the CCD, clearly showing the rate of charge generation along its path (to the right as shown), terminating in a characteristic Bragg peak. This is illustrated further in figure 5 , where the x-axis represents distance along the proton path from the point of neutron impact. The proton travels approximately 100 µm; in contrast, the more massive aluminium ion travels a very short distance, generating all of its charge very close to the point of impact. This causes saturation of the pixel signal at this point, leading to blooming along the CCD column, visible in figure 4. Although blooming reduces the resolution of the SEE image along the column, the total charge generated can still be determined. The total charge associated with this event is 0.5 pC, sufficient to cause an upset in many electronic devices. 
Example neutron interaction results

Conclusion
The development and application of an imaging neutron sensor, based on a CCD, has been described. The sensor can be used to measure SEE-induced spurious charge profiles in two dimensions at 9 µm resolution. This is of importance in the study of neutron-induced single-event effects in microelectronic devices. Example results have been given; a large data set is being analysed in order to characterise the mechanisms and statistics of SEE phenomena including multiple-bit upsets.
